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fetus; triglyceride; apolipoprotein E receptors; lymph duct cannulation; Smith-Lemli-Opitz syndrome THE FETUS HAS A SIGNIFICANT REQUIREMENT for energy to support basic metabolism and the extensive cellular proliferation and differentiation that occur throughout gestation. The human fetus increases Ͼ500-fold from Ϸ6 to Ϸ3,500 g. Until recently, glucose was thought to be the primary source of energy for the fetus. This was based on several lines of evidence (reviewed in Ref. 51 ). First, trophoblasts express abundant glucose transporters that facilitate glucose transport from the maternal to fetal circulation. Second, high levels of glucose (as could occur with numerous glucose transporters) lead to elevated malonyl-CoA levels, which suppress carnitine palmitoyltransferase I (CPT I), the protein responsible for transporting fatty acids into the mitochondria where they are oxidized. In fact, fetal liver is more sensitive to malonyl-CoA compared with newborn liver. Third, it was thought that fatty acid synthesis did not even occur in the fetus, since mRNA levels of key synthetic proteins were low during gestation and increased postpartum. Finally, fetal growth was known to be driven by maternal glucose levels (53) .
In more recent years, it has become apparent that fatty acids are an additional source of energy for the fetus and could play a role in fetal growth. Energy is generated from fatty acids by way of ␤-oxidation after fatty acyl-CoA units are transported across the mitochondrial membrane via CPT I. In humans, a lack of fetal fatty acid oxidation, as a result of mitrochondrial trifunctional protein (MTP) deficiency or long-chain acyl-CoA dehydrogenase (LCACD) deficiency, can lead to IUGR (intrauterine growth restriction), preterm labor, or intrauterine death (37, 79) ; MTP is a protein with fatty acid CoA dehydrogenase activity. Likewise, in rodents, either fetuses are smaller or a greater proportion die in utero in MTP knockouts, LCACD knockouts, or LCACD/VLACD double knockouts (15, 31) . The role of fatty acids as a source of energy is possibly most apparent in that there is a direct correlation between maternal triglyceride levels and fetal growth in diabetic women with good glycemic control (59) . It should be noted that fatty acids also have a structural role and are needed as substrates for membranes in the rapidly growing tissues.
Fetal fatty acids are either taken up from the maternal circulation or synthesized de novo. Energy-ready fatty acids are found in the maternal circulation in two different forms. Fatty acids can be found in their free form, bound to albumin, or as triglycerides. Uptake of free fatty acids by the placenta has been studied more extensively than the uptake of triglycerides, and it is well accepted that free fatty acids are indeed taken up by the placenta either through diffusional mechanisms or by various fatty acid transport proteins expressed by the placenta, including FATP1-4, FATP6, CD36, and FABP pm (reviewed in Refs. 16 and 23) . Once taken up, the free fatty acids are either transported transcellulary to the basolateral membrane via an undefined mechanism or utilized by the placenta itself for energy or as membrane substrates. Maternally derived fatty acids are likely secreted into the fetal circulation as fatty acids (14, 27) , possibly with the aid of FATPs or CD36 (24) . Since the concentration of free fatty acids in the maternal circulation increases during gestation (10, 29) , they could have an important role in fetal development.
As with free fatty acids, maternal plasma triglyceride concentrations increase during gestation (21, 46, 73) . Triglycerides are carried through the circulation as lipoprotein particles originating in intestine (chylomicrons, CM) and liver (VLDL). Lipoprotein lipase (LPL) and endothelial lipase hydrolyze triglycerides within the lipid-carrying particles to free fatty acids and remnant particles [CM remnants (CMR), intermediate-density lipoproteins (IDL)]. The lipase-generated free fatty acids can be taken up by the placenta as just described for the free fatty acids. The lipase-derived remnant particles (CMR and IDL), as well as VLDL, can be taken up as whole particles via apolipoprotein E (apoE) receptors, since CMR, IDL, and VLDL all contain apoE. The placenta expresses a number of apoE receptors (reviewed in Ref. 76) . Homozygous fetuses are viable and fertile when LDLR, VLDLR, and apoER2 are deleted (18, 33, 70) , although the relative fetal growth rates are unknown. Fetuses lacking LRP1 or megalin/LRP2 die in utero from the lack of protein expression in the fetus proper (30, 66, 74) , although a contributing effect of receptors on nutrient transport and fetal growth has not been ruled out. Remnant particles and/or remnant core lipids that have been shed also can be taken up independently of apoE, as recently demonstrated in the heart (5), possibly by endocytosis/phagocytosis, which is relatively elevated in the placenta (4, 64, 77) .
Fatty acids can also be synthesized de novo by the fetus. While oxidation of newly synthesized fatty acids would not generate as much net energy as oxidation of exogenous fatty acids since fatty acid synthesis requires energy (NADPH), the fatty acids synthesized could be used as a source of structural substrates, sparing exogenous fatty acids for oxidation. Fatty acid synthesis also is essential for fetal development and fatty acid synthase (FAS), the multifunctional enzyme that catalyzes the synthesis of saturated fatty acids, is enhanced in highly proliferating tissues (38) . The inability to synthesize fatty acids from a lack of FAS or acyl-CoA carboxylase-1 (ACC1) is lethal in the murine model (1, 13) .
Understanding what drives growth rates is important for the healthy fetus. Besides the obvious acute importance of fetal growth for fetal well-being, long-term consequences exist, and infants with abnormal fetal growth have an increased risk of developing age-related diseases, including diabetes, atherosclerosis, and obesity (11, 57, 65) . With improved understanding of what affects fetal growth, dietary or lifestyle changes can be made by the mother to optimize growth if indicated. Women have been very willing to make necessary changes for the benefit of their babies, as seen by a voluntary decrease in cigarette smoking and drinking during gestation once the adverse effects of these lifestyles to the infant were demonstrated, and by a willingness to modify lifestyle in obese and/or diabetic women (47, 49, 55) . Thus, the objective of these studies was to examine whether diet-derived triglycerides (CM) can be taken up by the placenta and whether dietary fat can affect fetal growth. Using dually labeled CM (triglyceride/ cholesteryl ester-labeled CM), we found that the lipid core of remnants and/or the remnants themselves are indeed taken up by the placenta at rates greater than those of other peripheral tissues, and more lipid is transported to the fetus when more lipid is given. In addition, fetuses of dams fed a high-fat diet for a short period of time, prior to the occurrence of diet-induced elevated maternal adiposity or leptin levels, had greater masses. Finally, when dams fed a highfat diet for 3 wk were switched to a low-fat diet at conception, fetuses were smaller. Thus, diet alone can have an impact on fetal growth, likely as a result of the ability of the placenta to take up core lipids of CMR, including triglycerides, and to transport fatty acids from hydrolyzed triglycerides to the fetus.
MATERIALS AND METHODS

Animals and diets.
All male and nonpregnant female C57BL/6 mice were purchased from The Jackson Laboratories (Bar Harbor, ME) and fed a pelleted chow (Harlan, Madison, WI). Animals were housed for Ϸ1 wk in a temperature-and humidity-controlled room and subjected to 12 h of light and 12 h of darkness prior to dietary changes. Females were 10 wk old when they arrived. A majority of the females were fed a breeder chow that contained 9% fat (wt/wt; PMI Nutrition International, Brentwood, MO) for 1-2 wk prior to mating. For breeding, one male was placed in a cage with three females. Presence of a postcopulatory plug was checked when lights came on and denoted 0.5 day postconception (dpc). When a plug was detected, female mice were separated into their own cage. After 5 days of mating, males were separated from remaining nonpregnant females. After 2 days, the process was repeated; females underwent mating until a plug was detected or until three mating cycles were completed.
For a second series of studies, females were fed high-fat or low-fat diets. Initially, females were fed chow (Harlan; 5.8% fat, wt/wt) or a high-fat semipurified diet for 4 wk and then mated; the high-fat diet consisted of 15.6% fat (wt/wt, D12266B; Research Diets, New Brunswick, NJ). In a second set of similar dietary studies, females were fed semipurified diets containing either 4.6% fat (wt/wt, D12489B) or 15.6% fat (wt/wt, D12266B). Food consumption was measured daily for 3 days just prior to mating for each cage of three females. Mating was performed after 3.5 wk on dietary treatment as described in the paragraph above. Animals that had not mated after two cycles were not used for the studies.
In a third series of studies, apoE Ϫ/Ϫ males and females were mated; mice were a generous gift of Dr. David Hui. Females (10 -12 wk old) were fed breeder chow for 3 wk prior to mating. Animals pregnant during the first, and only, week of mating were studied. All protocols were approved by the Institutional Animal Care and Use Committee at the University of Cincinnati.
CM clearance. To determine whether diet-derived triglyceride can be taken up by the placenta and ultimately transported to the fetus, CM were dually radiolabeled in vivo with triolein and cholesteryl ester, and CM were collected via a lymph fistula. Since a degradable marker was used (triolein) to radiolabel the core triglyceride, an initial study was performed to determine how quickly exogenously derived triglycerides were oxidized by tissues. Lyposyn II, an intravenous lipid emulsion (Hospira, Lake Forest, IL), was radiolabeled with [ 3 H]triolein (2) . Briefly, Lyposyn II was vigorously mixed with [ 3 H]triolein for 3-4 h to obtain a homogenous mixture and used immediately. Pregnant mice (18.5 dpc) were fasted (6 h) and injected intravenously with 5 Ci of 3 H. At 5, 20, 45, and 120 min postinjection, animals were euthanized and tissues rapidly collected. The first two fetal units (fetus, placenta, yolk sac) from the right uterine horn and the maternal liver were collected rapidly at different times after injection, separated, washed thoroughly, and saponified. Fatty acids were extracted from tissues, and radiolabel was measured. Results from the fetuses, placentas, and yolk sacs within one dam were averaged, and each tissue was used as an n of 1. Yolk sacs took up negligible radiolabel and were not included in fetal unit results. Results from each of the time points were averaged and plotted for fetuses, placentas, and whole fetal units (fetuses plus placentas). A decrease in dpm in the whole fetal unit would be representative of fatty acid loss due to oxidation (or the unlikely occurrence of secretion back into the maternal circulation). As seen in Fig. 1 , fatty acid dpm were greatest in fetal units and maternal liver at 5 min postinjection. There were no significant decreases at 20 min. By 45 min postinjection, dpm were markedly reduced in the fetal unit and the placenta. Dpm decreased faster in the placenta than the in the fetal unit due to transport to the fetus and fatty acid oxidation. Fetal dpm increased most between 5 and 20 min, as lipid taken up by the placenta was transported to the fetus. All remaining studies were performed at 15 min postinjection to allow for significant uptake by the placenta and prior to fatty acid oxidation.
CM clearance in placentas and other maternal tissues of mice was studied during early and late postconception. Two days prior to the planned study, donor animals were fitted with a mesenteric lymph duct cannula and a duodenal intubation via the stomach and allowed to recover overnight. In these studies, male Sprague-Dawley rats were used as the donor animals. Donor animals were given a duodenal bolus of [ 3 H]triolein and [ 14 C]cholesterol in Lyposyn II (20% lipid) as done previously (25, 69) . Lymph was collected for 6 h on ice and pooled. Lymph was centrifuged at 4°C (25,000 rpm, 60 min, Ti50.3), and the top milky layer containing CM was collected and used within the next 2 days. Pregnant mice at 12.5 and 18.5 dpc were fasted for 6 h and injected intravenously with radiolabeled CM, which were converted to CMR in the circulation, as particles are depleted of lipid via lipase activity. Blood was collected from the tail at 5 min postinjection. At 15 min postinjection, placentas and fetuses and adult liver, skeletal muscle, and inguinal adipose tissue were collected. All placentas and fetuses at 12.5 dpm from each litter were pooled, and fetuses from each litter late in gestation were analyzed separately due to their mass but averaged so that tissues of each litter had an n of 1. The amounts of 3 H and 14 C in saponified tissues were measured and presented as a percentage of that injected per tissue and per gram of tissue. Uptake of CMR or core lipids was indicated by the presence of 14 C. Uptake of fatty acids, as either CMR, core lipids, or lipasederived fatty acids, was indicated by the presence of 3 H. CM clearance was also determined in mice lacking apoE. Donor radiolabeled CM were collected from male mice lacking apoE as described for the donor rats except that 5 Ci of 3 H and 2.5 Ci of 14 C were given to donor mice, and CM were collected for 8 h. The CM from donor mice were pooled, isolated by ultracentrifugation, and used the next day. The study was similar to that just described, except that apoE Ϫ/Ϫ pregnant females were 15.5-18.5 dpc; we did not separate results by gestational age, since results were similar at each age as seen in the previous study.
The uptake and transport of different amounts of exogenous triglyceride were also determined in the placenta and fetus. At 18.5 dpc, female mice were fasted 5-6 h and injected intravenously with Lyposyn II radiolabeled with [ 3 H]triolein as described (2). Animals were given 51.9 Ϯ 6.8 vs. 169.2 Ϯ 13.5 l of Lyposyn II (11.0 Ϯ 1.5 or 35.6 Ϯ 2.8 g triglyceride). Fifteen minutes after injection, fetuses and placentas and maternal liver and adipose tissue were collected; the first two fetuses and placentas (fetal units) in the right uterine horn were collected. The amount of radiolabeled 3 H in the placentas and fetuses as a percentage of the amount injected was calculated.
Real-time PCR. Fetal livers or placentas were collected rapidly at 13.5 and 18.5 dpc after exsanguination, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until use. Tissue RNA was isolated using TRIzol and stored in FORMAzol at Ϫ80°C. RNA was treated with RNasefree DNase I and reverse transcribed to cDNA by SuperScript II reverse transcriptase using random hexamers. PCR assays were performed on a Bio-Rad iCycler iQ Real-Time PCR Detection System using SYBR Green as our fluorophore; primers will be given upon request. A serial dilution of a randomly picked sample was used to generate a standard curve for each gene examined. This standard curve was used to calculate the relative levels of mRNA for the gene of interest and the reference/housekeeping gene (cyclophilin).
Microvillous membrane preparation and western blotting. Microvillous membranes (MVM) were isolated from placentas of dams at 18.5 dpc fed high-fat and low-fat diets as described for mice using MgCl 2 precipitation (34), a modification of human MVM preparations (20, 32) . The proteins of the membranes were then separated by gel electrophoresis using a prepoured gradient gel, and the relative amount of GLUT1 (Millipore, Billerica, MA) in microvillous membranes was determined by Western blotting using ECL Plus as described (81); similar gel loading was verfied after stripping membranes and reprobing with an antibody to ␤-actin (34) .
Maternal leptin levels and adiposity. Mice fed diets with different levels of triglyceride for 3.5 to 4 wk were weighed, and body fat mass was measured by MRI (Echo MRI; Echo Medical Systems, Houston, TX). A sample of fasted blood (6-h fast) was collected as well. Mice were mated, and blood and tissues collected at 18.5 dpc in the fed state; retroperitoneal and inguinal fat pads were weighed. Leptin levels in maternal blood collected pre-pregnancy and during gestation were measured by LINCOplex by the Mouse Metabolic Phenotype Center of the University of Cincinnati.
Fetal plasma metabolites and percent fetal fat. Fetuses (18.5 dpc) from dams fed high-fat corn oil (HFCO) diets or chow were weighed and decapitated. Blood was collected from all fetuses and pooled and plasma was collected. One body from each litter was weighed and cut into Ϸ5-mm pieces. Fetal fat was extracted in Folch, with moderate heat and extract poured into preweighed glass tubes. Percent fat was determined gravimetrically. Insulin levels were measured by RIA and glucose levels enzymatically by the Mouse Metabolic Phenotype Center of the University of Cincinnati.
De novo fatty acid synthesis. Statistics. Data are presented as means Ϯ SE. Differences between two groups [early vs. late gestation and chow/low-fat corn oil (LFCO) vs. HFCO] were determined by two-tailed Student's t-tests (P Ͻ 0.05). To determine differences in uptake between tissues of pregnant dams, values for each tissue at both gestational ages were averaged (no difference between 12.5 and 18.5 dpc existed), and differences between peripheral tissues were determined by one-way ANOVA (P Ͻ 0.05). If a treatment effect occurred, differences between groups were evaluated by the Student-Newman-Keuls method (P Ͻ 0.05). One-way ANOVAs were also used to determine differences in uptake at different times postinjection of radiolabeled [ 3 H]triolein. were injected iv with Lyposyn II that had been radiolabeled with [ 3 H]triolein. After 5, 20, 45, and 120 min, fetuses, placentas, and maternal livers were rapidly collected. Tissues were saponified, fatty acids were extracted, and amount of radiolabel was measured. Data are presented as means Ϯ SE (n ϭ 3 litters). Inset: percent radiolabel taken up by maternal liver. *Differences (P Ͻ 0.05) from 5-min time point.
RESULTS
It is well accepted that the placenta will take up fatty acids from the maternal circulation. However, the ability to take up triglyceride-containing particles, such as VLDL, IDL, or CMR is not defined. Thus, CMs were radiolabeled in vivo with core lipids that could be hydrolyzed by lipases to fatty acids (triglyceride) and/or retained within the CM core (cholesteryl ester and triglyceride); the radiolabels were esterified to triglyceride and cholesteryl ester in enterocytes (84). Since triglycerides and not the nondegradable fatty acid analog BMIPP were incorporated into the CM core in vivo, a preliminary time course was needed to establish the best time postinjection to perform the studies prior to oxidation. As shown in Fig. 1 and described in MATERIALS AND METHODS, samples needed to be collected by 20 min postinjection to measure triglyceride uptake, and so uptake was measured at 15 min in remaining studies. In the inset of Fig. 1 , we found that the decrease in dpm in the fetal unit paralleled that in the liver, another tissue with high fatty acid oxidation rates.
Although the placenta is known to take up lipase-derived fatty acids, it is unknown whether the resultant remnant particle also was taken up. To study uptake of the remnant particle, we dually labeled the CM with [
14 C]cholesteryl ester as well as [ 3 H]triglyceride. The presence of 14 C would indicate uptake of the CMR-cholesteryl ester plus shed core lipids, whereas the presence of 3 H would be indicative of uptake of CMR-triglyceride plus lipase-derived fatty acids plus shed core lipids. As in other studies, clearance of 3 H was greater than that of 14 C: there was 27.9 Ϯ 3.4 and 51.8 Ϯ 3.8% dpm in plasma of 3 H and 14 C at 5 min, respectively, and 22.1 Ϯ 3.1 and 33.9 Ϯ 3.0% dpm at 15 min.
When uptake was presented per fetal unit (fetus ϩ placenta), more [ 14 C]cholesteryl ester ( Fig. 2A) 2B) were taken up later in gestation (P Ͻ 0.001). It should be noted that there was no detectable [ 14 C]cholesterol in the fetus during this short study, as expected from previous studies from this laboratory (9, 75), whereas there was 3 H as expected from Fig. 1 . The differences in uptake were maintained when uptake was determined for all fetal units (Fig. 2, A and B ; P Ͻ 0.001). Interestingly, lipid uptake late in gestation comprised a significant portion of uptake by the whole body. To compare uptake with other tissues, data were converted to uptake per gram of placenta, since the placenta was responsible for the uptake of lipids. There was no statistical change in percent dose of cholesterol taken up per gram of tissue by the placenta between early and late gestation; 1.47 Ϯ 0.26 vs. 1.92 Ϯ 0.28% injected cholesterol was taken up per gram of placenta at 12.5 and 18.5 dpc, respectively. There was little effect of gestational age in the maternal tissues as well, and results from each gestational age were averaged. As expected, each gram of liver took up much more CMR than other tissues (Fig. 3A) . Compared with other peripheral tissues, the placenta took up more [ 14 C]cholesteryl ester per gram of tissue than skeletal muscle (P Ͻ 0.001) and inguinal adipose tissue (P ϭ 0.003). As seen in Fig. 3B To begin to define the mechanism responsible for uptake of core lipids of CMR, we 1) determined whether apoE receptors were expressed in the placenta and 2) determined whether core lipids could be taken up independently of apoE. LPL and all the apoE receptors, including the LDLR, LRP, apoER2, VLDLR, LR11, and LRP2, were expressed by the placenta (Fig. 4) . There was a marked increase in LRP, apoER2, and VLDLR mRNA levels with gestational age. We then studied the uptake of particles when apoE was absent from lipoproteins and animals. Particles were cleared more slowly in apoE Ϫ/Ϫ mice (50.3 Ϯ 4.9 and 58.0 Ϯ 4.5% dpm in plasma of 3 H and 3 H]triolein (B) were injected iv into pregnant dams (12.5 and 18.5 dpc). Twenty minutes after injection, tissues were collected and saponified, lipids were extracted, and amount of radiolabel was measured. Data are presented as means Ϯ SE (n ϭ 4 litters). *Differences (P Ͻ 0.05) between amount of 14 C or 3 H in fetal units at different gestational ages.
14 C at 5 min, respectively, and 35.8 Ϯ 3.1 and 52.3 Ϯ 2.4% dpm at 15 min) compared with apoE ϩ/ϩ mice. Uptake was 2.51 Ϯ 0.18% of injected 14 C dpm per gram in the placenta of apoE Ϫ/Ϫ females (n ϭ 5) compared with 1.69 Ϯ 0.19% in the placenta of apoE ϩ/ϩ females (Fig. 3) . This was in contrast to the liver, which took up only 5.11 Ϯ 0.36% injected 14 C dpm per gram of tissue when apoE was absent from particles compared with 19.6 Ϯ 32.10% in the liver of control mice; ratios of 14 C: 3 H were 0.88 Ϯ 0.06 and 1.20 Ϯ 0.05 for the liver and placenta, respectively.
Since previous studies have shown that dietary fat can lead to an increase in fetal growth and/or that fetal growth is correlated to plasma lipid levels (34, 36, 59), we next determined whether the placenta would transport more exogenous lipid to the fetus if there was acutely more lipid in the maternal circulation. Animals were injected with Ϸ11 or Ϸ36 g of triglyceride (20% of Lyposyn II) radiolabeled with [ 3 H]triolein. As seen in Fig. 5A , the fetal unit took up a similar percentage of dpm regardless of the dose given. Although the percentage of dose transported to the fetus was less when more lipid was given, there was still more lipid presented to the fetus of dams given threefold more lipid. It is unlikely that the effect was due solely to changes in fatty acid oxidation since the livers, a tissue with high fatty acid oxidation rates, of dams given threefold more lipid also contained threefold more lipid after 15 min (183.4 Ϯ 30.8 vs. 439.8 Ϯ 101.8 l lipid).
We then determined the effect of chronic hyperlipidemia on fetal metabolism and growth. Initially, basic rodent chow with 5% fat and a semipurified diet with 15% fat were fed to mice for 4 wk. With this short time period of feeding, there was no change in maternal adiposity or leptin levels at the time of mating (Table 1) . At 18.5 dpc, there was an Ϸ20% increase (P ϭ 0.02) in fetal masses in dams fed the HFCO diet vs. chow. The increase was not due to an increase in fetal fat, in that fat mass was the same in fetuses of dams fed either diet (3.14 Ϯ 0.17 vs. 2.97 Ϯ 0.29%). There was a marked change in fat metabolism in the fetus (Fig. 6) , however, as seen by a 50% increase in CPT I mRNA levels, the rate-limiting step for fatty acid oxidation, but no change in pyruvate kinase, an enzyme within glycolysis that is regulated by glucose. PPAR␣ mRNA levels were also increased (28%) in fetuses of dams fed the high-fat diet. Other regulatory genes were not affected, however, including hepatocyte nuclear factor (HNF)-4␣ and ABCG1 [ABCG1 is a downstream target of activated liver X receptor (LXR)]. TNF-1␣, an inflammatory marker, was not affected by dietary lipid in the fetal liver either. mRNA levels of genes involved in glucose and fatty acid uptake by the placenta were measured, and there was no change in placental mRNA levels of GLUT1, GLUT4, FATP1 and -4, LRP, PPAR␥, and LPL (Fig. 7A) . Since mRNA and total protein levels of GLUT1 may not change but the amount of GLUT1 on the MVM could be different in animals fed the high-fat diet (34), we also measured the amount of GLUT1 protein on MVM of dams fed HFCO or LFCO diets. GLUT1 protein expression in the MVM were similar when high-fat diets were fed compared with low-fat diets prior to any changes in adiposity (Fig. 7B) .
Since these diets consisted of a different base diet (chow vs semipurified), dams were fed semipurified diets with either lower (5%) or higher (15%) levels of fat for Ϸ4 wk. Dams consumed similar amounts of food (8.3 Ϯ 0.5 vs. 7.7 Ϯ 0.4 g Fig. 4 . Relative mRNA levels of proteins associated with lipid uptake in placentas of dams at 13.5 and 18.5 dpc. mRNA levels of placental genes of interest compared with cyclophilin are presented. Data are presented as means Ϯ SE (n ϭ 3-5 litters). *Significant differences (P Ͻ 0.05) between mRNA levels at different stages of gestation. Values are means Ϯ SE; n ϭ 5-6 litters. Weight, fat mass (measured by MRI), and leptin levels (measured by LINCOplex) in female mice fed chow or high-fat corn oil (HFCO) diet for 4 wk.
per cage of three dams fed HFCO or LFCO diets, respectively), such that those fed the high-fat diet were indeed consuming more fat. As with the chow and HFCO diets, fetal masses were greater in dams fed HFCO vs. LFCO diets ( Table 2) . Plasma leptin levels collected at the time of the study were similar in dams fed either diet (3.49 Ϯ 0.50 vs. 3.58 Ϯ 0.46 ng/ml for dams fed HFCO vs. LFCO diets, respectively). Maternal fat pad masses were also similar at the time of the study regardless of diet (retroperitoneal: 0.115 Ϯ 0.020 vs. 0.105 Ϯ 0.013 g for HFCO vs. LFCO, respectively; inguinal: 0.417 Ϯ 0.038 vs. 0.376 Ϯ 0.020 g for HFCO vs. LFCO, respectively). Finally, to determine whether the composition of the diet fed during gestation made a difference in fetal masses, dams were fed the HFCO diet for 1 mo and then were either switched to the LFCO diet at 0.5 dpc or were retained on the HFCO diet. Fetuses of dams fed the LFCO diet during gestation were smaller than those fed the HFCO diet before and during gestation ( Table 2) . Even though fetal growth rates varied, there was no difference in fetal plasma insulin or glucose concentrations; fetal plasma glucose concentrations were 35.7 Ϯ 4.7 vs. 41.2 Ϯ 5.3 mg/dl and fetal insulin concentrations were 0.87 Ϯ 0.15 vs. 0.99 Ϯ 0.29 ng/ml for fetuses of dams fed low-fat vs. high-fat diets, respectively.
Finally, we measured the relative levels of mRNA for proteins involved in the endogenous source of fatty acids, i.e., those synthesized de novo. In the placenta (Fig. 8A) , there was an increase in FAS and SREBP-1a between early and late gestation but not in ACC or SREBP-1c. In the fetal liver (Fig. 8B ), FAS increased with gestation, whereas ACC remained relatively constant between early and late gestation, similar to that which occurs in the placenta. In contrast to the placenta, SREBP-1a was similar with gestational age, whereas SREBP-1c increased in fetal livers as gestation progressed.
DISCUSSION
Since Pedersen first documented the increased rate of fetal growth in fetuses of diabetic women (53), the ability of maternal glucose to affect fetal growth has been well accepted. Glucose has two major routes by which it can manipulate fetal growth. First, glucose is transported readily across the placenta and is a primary source of energy for the fetus. Fetal glucose is also a stimulus for insulin secretion by the fetal pancreas, and insulin is known to be trophic. One might hypothesize that if maternal glucose can be maintained in diabetic women, then fetal growth rates would be stabilized and constant. Interestingly, when maternal glucose levels are controlled in diabetic women, fetal growth rates are not constant but are directly related to maternal lipid concentrations (59) . Thus, maternal lipids likely play an important role in fetal growth. Fig. 6 . Fetal masses (A) and relative mRNA levels of proteins associated with lipid metabolism in fetal livers (B) of dams fed chow or a high-fat corn oil (HFCO) diet. Dams were fed diets for 4 wk, mated, and studied at 18.5 dpc. Relative amounts of fetal liver mRNA of genes involved in lipid oxidation and regulation compared with cyclophilin are presented. Data are presented as means Ϯ SE (n ϭ 3-5 litters). *Significant differences (P Ͻ 0.05) between fetal livers of dams fed different amounts of dietary fat. Fig. 7 . Relative mRNA levels of proteins associated with nutrient uptake in placentas of dams fed high-or low-fat diets. Dams are the same as those described in Fig. 6 . A: relative amounts of mRNA of genes of interest compared with cyclophilin are presented. Data are presented as means Ϯ SE (n ϭ 3-5 litters). *Significant differences (P Ͻ 0.05) between placentas of dams fed different amounts of dietary fat. B: relative amounts of GLUT1 in microvillous membranes of placentas of dams fed high-or low-fat diets was measured by Western blotting, using ␤-actin as a marker for loading.
Free fatty acids or lipase-generated fatty acids can be taken up by the placenta and trophoblasts and transported to the fetus (reviewed in Ref. 22 ). However, no in vivo studies have examined clearance of the partially hydrolyzed remnant lipoprotein particle. The ability to take up lipoprotein particles is important, since most dietary lipids enter the body by way of CM. In addition, there is relatively more triglyceride in the circulation than fatty acids late in gestation (350 vs. 10 mg/dl) (29) . Although the lipid core of the CM is hydrolyzed prior to uptake of the particle, a significant amount of triglyceride remains associated with the newly formed remnant particle after lipase activity (52) . In addition to the dietary sources of lipid, the liver synthesizes triglyceride-rich VLDL, and the levels increase as gestation progresses as an additional source of lipid for the fetus (26) . Thus, we set out to determine 1) if maternal dietary lipids, specifically in the form of CM, could be taken up as remnant particles or as core lipids as well as lipase-derived free fatty acids and 2) if fetuses of dams with similar adiposity and fed a high-fat diet for a short period of time were larger than fetuses of dams fed low-fat or chow diets.
Importantly, the core lipids of CMR were taken up by the placenta, as evidenced by the presence of 14 C (primarily as cholesteryl ester). Fatty acids were also taken up. If free fatty acids were taken up independently of the remnant particle, then there would be more radiolabeled fatty acids in the placenta vs. cholesterol, similar to that measured in the skeletal muscle (ratio CH:FA of 0.53). If the whole particle were taken up without uptake of free fatty acids, then the ratio CH:FA would be similar to that in the liver (ratio of 2.80). Since the ratio CH:FA in the placenta was close to 1 (1.25), similar amounts of cholesteryl ester and fatty acids/triglycerides were taken up. Thus, there was likely hydrolysis of lipids by LPL generating the remnant. The newly generated fatty acids as well as the remnant particle or core lipids were taken up in similar amounts. Compared with uptake by other extrahepatic tissues, the placenta took up more triglyceride plus fatty acids and more cholesterol per gram of tissue than skeletal muscle or adipose tissue.
It has been shown that the uptake of remnant particles or their lipid core is mediated by LPL (5), as is the uptake of fatty acids (2) . LPL may play a critical role in fetal metabolism, since LPL mRNA levels decrease in peripheral tissues (44) and stay equal or increase per gram of placenta (28, 42) , possibly to direct triglyceride-containing particles to the fetal unit. Surprisingly, fetal growth rates in women lacking LPL with reduced placental LPL activity are normal (43) . However, endothelial lipase, a second placental triglyceride hydrolase (8, 40) , might be elevated when LPL activity is reduced as occurs in the LPL knockout mouse (40, 43) . The newly generated remnants, regardless of which lipase is active, can now be taken up by trophoblasts. We initially thought that particles were taken up exclusively via apoE receptors, since all the receptors are present in the placenta. However, we also found that either the remnants or the core lipids can be taken up independently of apoE; core lipids are likely shed from particles during LPL hydrolysis (5) . Our data are consistent with previously reported results from our laboratory, in that there is a large receptor-independent component of lipoprotein uptake by the placenta, larger than the liver (77) , that could be the result of the increased endocytosis and phagocytosis that occur in the placenta (4, 64) . Not all uptake is receptor independent, as various receptors and transport proteins mediate uptake of LPL-derived fatty acids by the trophoblasts (16, 23) . Although we know that CMR or core lipids can be taken up independently of apoE, likely at a substantial rate, we cannot determine what proportion of lipid was taken up via apoE receptors vs. that taken up independently of apoE, since the particles lacking apoE were cleared more slowly, thereby making a greater proportion available for uptake by the placenta. Regardless, the main point is that diet-derived lipids, including triglyceride, can be taken up by the placenta as either whole particles or as core lipids.
Knowing that maternally derived CMR/core lipids as well as fatty acids are taken up by the placenta, we next set out to determine whether more dietary fat would be transported to the fetus or retained in the placenta when pregnant females consumed a high-fat diet. Animals were given an intravenous bolus of Ϸ10 or Ϸ30 g of lipid to parallel our diets of 5 vs. 15% fat. Not surprisingly, the same relative percentage of dosed lipid was taken up by the placenta for the higher as well as for the lower dose. However, the relative percentage of dosed lipid transported to the fetus was less in the dams given more lipid. Even though proportionately less lipid was transported to the fetus when more lipid was given, the absolute amount transported was still greater in the dams given three- fold more lipid. These data suggest that the placenta will mediate the amount of lipid to be transported to the fetus. There are several different possibilities to account for the difference in fatty acids taken up vs. that transported. First, the transport or export process across and out of trophoblasts could be saturated, since the process is likely protein mediated. This would seem disadvantageous to the placenta, since lipotoxicity can occur in tissues with elevated lipid uptake (60) . Second, the placenta could retain any lipid it needs based on its requirements, i.e., for energy or membrane formation. Third, the placenta could transport lipid based on the needs of the fetus. Fourth, the placenta could secrete excess lipid into the maternal circulation, since the placenta can indeed synthesize new lipoproteins, although the newly synthesized lipoproteins could be secreted into the fetal circulation (41) .
In parallel with these acute hyperlipidemic studies, dams were fed 5 or 15% fat for a long enough time frame to enter a new steady state of lipid metabolism but a short enough time frame that an increase in maternal adiposity did not occur. Expressions of fetal proteins that are regulated by fatty acids were measured as an indication of excess lipids being transported to the fetus. There was an increase in PPAR␣ mRNA levels, an indication of activation of this transcription factor by dietary fatty acids (17) . Importantly, the downstream target of PPAR␣, CPT I, was also increased. An increase in CPT I does indicate an increase in fatty acid oxidation and thereby energy production. The activation appeared to be specific for PPAR␣ in that ABCG1, a downstream target of LXR, was not affected by high-fat diets. In adults, LXR is affected by unsaturated fatty acids (17) . It is not unusual for the fetus to respond differently to exogenous factors compared with adults, however, since fetal sterol synthesis does not change in response to exogenous cholesterol and polyunsaturated fatty acids as do adults (61, 81) . Likewise, the lack of effect on fetal HNF-4␣ might not be unexpected, since the previously reported increase in this signaling factor occurred in fetal livers of monkeys fed diets with higher levels of saturated fat and cholesterol compared with our mice, which were fed more unsaturated fat and no cholesterol (45) . A major similarity of the monkey and mouse studies, however, is that maternal fat does indeed affect fetal metabolism. TNF-1␣ mRNA was also not affected, which suggests no fetal inflammation even though dams were fed n-6, a proinflammatory fat.
We also measured mRNA levels of proteins involved with fatty acid synthesis since an increase in fatty acids from the endogenous source could spare the exogenous source for various processes, such as membrane formation. FAS mRNA levels increased with gestational age in both the placenta and liver. SREBP-1 mRNA levels were also increased, though 1c was increased in the fetal liver with gestation whereas 1a was increased in the placenta. Alhough 1a is usually low and unregulated in adults, it is not surprising that it is regulated in fetal tissues since it is found in rapidly growing cultured cells (63) . Despite the fact that SREBP-1 is not processed in the neonate (7), it does appear to be processed to the mature, active form late in gestation (6) . Fatty acid synthesis did indeed occur in the fetal liver at 18.5 dpc (13,507 Ϯ 1,505 nmol 3 H 2 O converted to fatty acids/g liver), and was greater than that in the neonate (80) .
The mechanism for how maternal fat affects fetal growth is currently unknown. It could be simply that the oxidation of fat in the fetus spares glucose from oxidation, leading to fetal hyperglycemia as occurs during diabetes, hyperinsulinemia, and fetal overgrowth. Alternatively, more glucose could be transported as occurs when high-fat diets lead to increased adiposity and adipokine levels (34, 35) . It seems unlikely that hyperglycemia was a contributing factor in the current study, since there was no difference in insulin and glucose concentrations in the fetal circulation and no increase in GLUT1 levels in MVM, and pyruvate kinase mRNA levels were not affected and glucose will enhance hepatic pyruvate kinase levels (78) . An alternative is that fatty acids and/or fatty acid oxidation specifically can affect growth. Others have shown that fatty acids can lead to an increase in mTOR either directly (19, 71) or via a change in AMPK activity resulting from ␤-oxidation (48) . An increase in mTOR in combination with elevated SREBP-1c promotes cellular and organ growth in Drosophila (54) . The question remains whether an increase in an exogenous source of fatty acids plus mTOR could affect growth in murine fetuses. A change in mTOR in the placenta also could affect fetal growth via upregulation of amino acid transport (56) . More studies are required to delineate the dietary fat-dependent, maternal adiposity-independent effect on fetal growth.
In addition to the fat-induced effects, the ability of the placenta to take up dietary cholesterol in the form of remnants could be important for fetuses with the Smith-Lemli-Opitz syndrome (SLOS). SLOS fetuses have reduced rates of cholesterol biosynthesis that are associated with a myriad of adverse phenotypical changes (reviewed in Ref. 3 ). Since recent studies have shown the ability of maternal cholesterol to be transported to the fetus (reviewed in Ref. 76) , the ability to take up diet-derived cholesterol could be an important route to enhance sterol balance in utero in SLOS fetuses and thereby possibly improve pregnancy outcome.
These studies also have major implications for the general population. Large human newborns and rodents exposed to increased nutrients have an increased risk of obesity and/or diabetes later in life (11, 12, 39, 50, 57, 58, 65, 67, 68) . It is not known whether the same effect is mediated when fetal growth is altered via different pathways, i.e., increased placental transport of fat, glucose, and/or amino acid. However, offspring of animals that were pair fed a high-fat diet and did not become obese did not develop altered metabolism (72) . Since fetal sizes were not measured in these previous studies, it is unclear how these data relate to large offspring of dams that are not obese. In the current study, we showed that diet alone can affect fetal growth, even when the high-fat diet is switched at conception. This is not surprising, since we also showed that whole triglyceride-containing remnant particles can be taken up by the placenta. These studies could lead the way to new methods used to dissect out the impact of fetal growth, independent of glucose, on developmental programming and long term health.
